MicroRNAs (miRNAs), a class of small, non-coding RNAs (∼22 nt in length), can repress gene expression at the post-transcriptional level through interaction with the 3′-untranslated region (3′-UTR) of target mRNA.^[@bib1]^ Previous studies found miRNA involved in many biological processes (such as tissue development, metabolism and cancer).^[@bib2]^ The first identified miRNA, lin-4, was found to regulate positively larval developmental timing in *Caenorhabditis elegans*.^[@bib3],\ [@bib4]^ Subsequent studies showed that miRNAs participated in many developmental processes, such as early embryonic development, neuronal development, muscle development and lymphocyte development.^[@bib5]^ Several miRNAs were identified as important regulators of skeletal muscle development in recent years, including miR-1, miR-133, miR-206, miR-181, miR-24, miR-26 and miR-29.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^

The miR-133 family has two members, namely, miR-133a and miR-133b. The sequences of these miRNAs are different only at the last nucleotide of the 3′ terminus, but they are from different chromosomes in mouse. Mmu-miR-133a is encoded by *mmu-mir-133a-1* and *mmu-mir-133a-2*, which are located on chromosome 18 and chromosome 2, respectively. Mmu-miR-133b is encoded by *mmu-mir-133b*, which is located on chromosome 1. The expression of miR-133a and miR-133b was first observed in microarrays to be significantly upregulated during myoblast differentiation. Northern blot analysis using completely complementary probes to miR-133a demonstrated that miR-133 was specifically expressed in cardiac and skeletal muscle.^[@bib7]^ A functional study in zebrafish found actin organization in the sarcomere was disrupted after injecting an miR-133 inhibitor (completely complementary to miR-133a and miR-133b) into zebrafish embryos.^[@bib14]^ While, the results of a study that focused on miR-133a function showed that miR-133a inhibited the formation of myotubes (differentiation) and promoted myoblast proliferation by targeting serum reaction factor.^[@bib7]^ A recent study reported miR-133 suppressed myoblast proliferation by targeting SP1.^[@bib15]^ The function of miR-133 in myoblast seemed controversial. The regulatory roles between miR-133 and the important pathways in myogenesis still need further investigation.

To further investigate the molecular mechanism of regulating myogenesis by miR-133, we identified target genes of miR-133 during myogenesis. Predicted targets of miR-133 were identified using the program TargetScan (<http://www.targetscan.org/>). Among hundreds of predicted target genes of miR-133, we found two genes involved in the regulation of extracellular signal-regulated kinase 1/2 (ERK1/2) activity that had a high aggregate P~CT~ score. Those genes are fibroblast growth factor receptor 1 (*FGFR1*) and protein phosphatase 2 A catalytic subunit (*PP2AC*, including *Ppp2ca* and *Ppp2cb*). Both genes participated in the signal transduction of the ERK1/2 cascade.^[@bib16],\ [@bib17]^ Previous studies showed that the activated ERK1/2 pathway negatively regulates myoblast differentiation. The ERK1/2 pathway is a part of the mitogen-activated protein kinase (MAPK) pathway, which mainly participates in signal transduction by responding to extracellular stimuli that regulate many facets of cellular processes.^[@bib18]^ Upstream signals activate phosphorylation of ERK1/2, giving ERK1/2 the ability to regulate cell proliferation and differentiation.^[@bib18]^ In C2C12 cells, activity of ERK1/2 was significantly downregulated after initiation of differentiation. Inhibition of ERK1/2 activity by overexpression of MAPK phosphatase-1 promotes differentiation of C2C12 cells.^[@bib19]^ Another study found that myostatin could repress differentiation of C2C12 cells by activating ERK1/2 phosphorylation.^[@bib20]^

In this study, to explore the role of miR-133 in myogenesis, we analyzed how miR-133 influences myoblast proliferation and differentiation by gain- and loss-of-function studies in C2C12 cells. Our study is the first to investigate the regulation of ERK1/2 activity by miR-133 family members in myoblast.

Results
=======

MiR-133 represses the myoblast proliferation and promotes its differentiation
-----------------------------------------------------------------------------

We performed both overexpression and loss-of-function studies for miR-133 in C2C12 cells to confirm the role of miR-133 in myogenesis. Double-stranded RNA mimics with miR-133a or miR-133b sequence were used to mimic miR-133 function. The expression level of miR-133 in C2C12 cells transfected with miR-133a mimics or miR-133b mimics was significantly higher than that of the control ([Figures 1a](#fig1){ref-type="fig"} and [b](#fig1){ref-type="fig"}). And, a specific 2′-O-methyl antisense oligonucleotide inhibitor of miR-133b was used to knockdown the expression of miR-133 in myoblasts. MiR-133b inhibitor could interact with both miR-133a ([Figure 1a](#fig1){ref-type="fig"}) and miR-133b ([Figure 1b](#fig1){ref-type="fig"}), and significantly knocked down endogenous miR-133 expression in myoblasts ([Figure 2a](#fig2){ref-type="fig"}). Following transfection of miR-133a/b mimics or miR-133b inhibitor into C2C12 cells, myoblast cells were subjected to cell cycle analysis 24 h after transfection or were switched to differentiation medium for a predetermined time, after which the expression of myogenic marker genes (*myogenin* and *MyHC*) was analyzed to investigate the role of miR-133 in myoblast differentiation.

The results of cell cycle analysis showed that both miR-133a mimics and miR-133b mimcs could result in increasing the percentage of C2C12 cells in the G1 phase, and decreasing the percentage of cells in the S phase ([Figure 1c](#fig1){ref-type="fig"}), whereas the percentage of C2C12 cells in the G1 phase was significantly decreased, and the percentage of cells in the S phase was significantly increased, with miR-133 knockdown ([Figure 2c](#fig2){ref-type="fig"}). The expression of MyHC was induced ([Figure 1d](#fig1){ref-type="fig"}) with miR-133 overexpression in C2C12 cells, whereas the expression of MyHC was significantly repressed by miR-133b inhibitor when cells were cultured in the differentiation medium for 36 h after transfection ([Figures 2c and d](#fig2){ref-type="fig"}). The expression of myogenin was also significantly repressed by miR-133b inhibitor during myoblasts differentiation ([Figure 2c](#fig2){ref-type="fig"}). The myotube area in cells transfected with miR-133a mimics or miR-133b mimcs was significantly greater than that of control ([Figure 1e](#fig1){ref-type="fig"}), whereas myotube area in cells transfected with miR-133b inhibitor was significantly smaller than that of control ([Figure 2e](#fig2){ref-type="fig"}). Taken together, these results indicate that miR-133 functions in repressing proliferation of myoblasts and promoting cell differentiation.

Expression levels of FGFR1 and PP2AC were downregulated during C2C12 cells differentiation, whereas miR-133 was upregulated
---------------------------------------------------------------------------------------------------------------------------

To compare the expression of miR-133, FGFR1 and PP2AC during myogenesis, total RNA and protein of C2C12 cells cultured in the growth medium (0d) and differentiation medium for 1 day (1d), 2 days (2d) or 4 days (4d) was isolated, respectively, for gene expression analysis. Expression levels of miR-133 and mRNA of FGFR1 and PP2AC were analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR) and real-time quantitative PCR (qPCR). Simultaneously, expression levels of miR-133a and miR-133b were analyzed by Solexa sequencing. Expression levels of myogenic marker genes (*myogenin* and *MyHC-2d*) mRNA were detected simultaneously as a positive control of myoblast differentiation. Protein expression levels of FGFR1, PP2AC and phospho-ERK1/2 (p-ERK1/2) were analyzed by western blotting, whereas the expression of tubulin and ERK1/2 protein was used as control.

Exposure of C2C12 cells to the differentiation medium for increasing periods of time resulted in a concomitant increase in the formation of myotubes ([Figure 3a](#fig3){ref-type="fig"}) and an upregulation of myogenin and MyHC-2d expression ([Figure 3c](#fig3){ref-type="fig"}), which indicated normal differentiation of C2C12 cells. The result of Solexa sequencing analysis showed that miR-133a and miR-133b had similar expression patterns, and were both upregulated during myogenesis ([Figure 3b](#fig3){ref-type="fig"}). The miR-133 qPCR result was in concordance with that of the Solexa sequencing analysis ([Figure 3c](#fig3){ref-type="fig"}). The differences in expression levels of FGFR1 and PP2AC mRNA were not significant among all four samples ([Figure 3c](#fig3){ref-type="fig"}); however, the protein levels of FGFR1 and PP2AC were significantly downregulated during C2C12 cell differentiation ([Figure 3d](#fig3){ref-type="fig"}). These results suggested that the expression of FGFR1 and PP2AC were regulated at the post-transcriptional level during myogenesis. Furthermore, the expression trends of FGFR1, PP2AC and p-ERK1/2 ([Figure 3d](#fig3){ref-type="fig"}) were opposite to that of miR-133 during C2C12 cell differentiation, suggesting that miR-133 might be involved in regulating the ERK pathway by targeting FGFR1 and PP2AC.

MiR-133 repressed ERK1/2 activity by targeting FGFR1 and PP2AC
--------------------------------------------------------------

The results of miR-133 target gene prediction by TargetScan showed that miR-133a and miR-133b had identical targets because of the same 'seed region\'. MiR-133a/b had two binding sites in the 3′-UTR of FGFR1, one binding site in the 3′-UTR of Ppp2ca and one binding site in the 3′-UTR of Ppp2cb ([Figure 4a](#fig4){ref-type="fig"}). To validate whether miR-133a and miR-133b directly targets these genes, we conducted a luciferase reporter assay.

A luciferase reporter construct, psi-FGFR1 ([Figure 4a](#fig4){ref-type="fig"}), was constructed by inserting a fragment of FGFR1 3′-UTR that included miR-133a/b and miR-214 binding sites into the luciferase reporter vector psi-CHECK-2. Next, the construct was co-transfected into BHK-21 cells with miR-133a mimics and miR-133b mimics, miR-214 mimics or Duplex NC. The luciferase assay showed that the luciferase activity was significantly repressed by miR-133a mimics and miR-133b mimics (*P*\<0.01) but not by miR-214 mimics ([Figure 4b](#fig4){ref-type="fig"}). Luciferase reporter constructs psi-F260 ([Figure 4a](#fig4){ref-type="fig"}) containing a fragment of FGFR1 3′-UTR in which the miR-133a/b seed region binds from 260 to 266 bp or psi-F490 ([Figure 4a](#fig4){ref-type="fig"}) containing a fragment of FGFR1 3′-UTR in which the miR-133a/b seed region binds from 490 to 496 bp was co-transfected into BHK cells with miR-133b mimics or Duplex NC, respectively. The resulting luciferase activities from constructs psi-F260 and psi-F490 were significantly repressed by miR-133b mimics (*P*\<0.01; [Figure 4b](#fig4){ref-type="fig"}). The luciferase activity from the luciferase reporter constructs psi-Ppp2ca ([Figure 4a](#fig4){ref-type="fig"}), containing a fragment of the Ppp2ca 3′-UTR that included the miR-133a/b binding site and psi-Ppp2cb ([Figure 4a](#fig4){ref-type="fig"}), containing a fragment of the Ppp2cb 3′-UTR that included miR-133a/b and miR-214 binding sites, were also significantly repressed by miR-133a mimics and miR-133b mimics (*P*\<0.01; [Figure 4b](#fig4){ref-type="fig"}). However, miR-133a mimics and miR-133b mimics did not inhibit luciferase activity of mutated reporters (psi-FGFR1 Mut1, psi-FGFR1 Mut2, psi-Ppp2ca Mut and psi-Ppp2cb Mut) ([Figure 4c](#fig4){ref-type="fig"}), in which binding sites of miR-133a/b were changed ([Figure 4a](#fig4){ref-type="fig"}).

After the luciferase reporter assay, we performed western blotting to analyze whether miR-133a and miR-133b could repress protein expression of FGFR1 and PP2AC. C2C12 cells cultured in the growth medium were transfected individually with miR-133a mimics, miR-133b mimics, Duplex NC or both miR-133a mimics and miR-133b mimics. Approximately 6 h after transfection, cells were switched into the differentiation medium. Total protein from transfected cells was extracted approximately 24 h after culturing in the differentiation medium to detect the expression of FGFR1and PP2AC by western blotting. Phosphorylation of ERK1/2 was analyzed simultaneously. The expression levels of the FGFR1 and PP2AC proteins were repressed by both miR-133a mimics and miR-133b mimics compared with the Duplex NC group. ERK1/2 phosphorylation was also repressed with overexpression of miR-133 ([Figure 4c](#fig4){ref-type="fig"}).

Collectively, these results demonstrate that both miR-133a and miR-133b could repress expression of FGFR1 and PP2AC by binding to their 3′-UTRs during myoblast differentiation. Accordingly, phosphorylation of ERK1/2 was also repressed by miR-133a/b during myogenesis.

Knockdown of FGFR1 and PP2AC by siRNA promoted C2C12 differentiation
--------------------------------------------------------------------

To evaluate the role of FGFR1 and PP2AC in C2C12 differentiation, specific siRNAs for FGFR1 or PP2AC were transfected into C2C12 cells. Firstly, we used four specific siRNAs for each of them to find the most effective one. The results showed that most of the siRNAs that we used could significantly knockdown the expression of FGFR1 (*P*\<0.01; [Figure 5a](#fig5){ref-type="fig"}) or PP2AC (*P*\<0.01; [Figure 5b](#fig5){ref-type="fig"}) at the mRNA level. We chose the si-F2 and si-P3 as the most effective siRNAs for FGFR1 and PP2AC, respectively. Results of western blotting indicated that the expression of FGFR1 was significantly reduced by si-F2 ([Figure 5c](#fig5){ref-type="fig"}), and the expression of PP2AC was significantly reduced by si-P3 ([Figure 5d](#fig5){ref-type="fig"}). Then, si-F2 and si-P3 were transfected into C2C12 cells, respectively, and cells were switched into the differentiation medium 24 h after transfection. Five days after transfection, cells were collected and expressions of myogenic genes were analyzed. The results showed that the expression level of MyHC, myogenin and MCK in cells transfected with si-P3 were all significantly higher than that of control (*P*\<0.05), whereas only the expression level of MCK in cells transfected with si-F2 was significantly higher than that of the control (*P*\<0.05), and the expression of MyHC and myogenin had no significant difference in cells transfected with si-F2 and NC ([Figure 5e](#fig5){ref-type="fig"}). These results suggested that FGFR1 and PP2AC may take part in repression of C2C12 differentiation.

Inhibition of the ERK1/2 pathway enhanced the expression of miR-133 and induced myoblast differentiation; however, the activated ERK1/2 pathway was indispensable for early myogenic processes in myoblasts
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate how ERK1/2 pathway inhibition influences proliferation and differentiation of myoblasts and expression of miR-133, we used PD98059 to inhibit ERK1/2 pathway in C2C12 cells. DMSO was used to treat cells as a negative control. C2C12 cells cultured in the growth medium were treated with PD98059 or DMSO for 24 h, and cells were subsequently either subjected to cell cycle analysis or total RNA extraction for miR-133 and myogenic marker gene expression analysis. We found that cells treated with PD98059 were thinner and longer than control cells ([Figure 6a](#fig6){ref-type="fig"}), shown by morphologies of myoblasts initiating differentiation. After PD98059 treatment, the percentage of cells in the G1 phase significantly increased, and the percentage of cells in the S phase was significantly decreased, which showed that the proliferation of cells was repressed ([Figure 6b](#fig6){ref-type="fig"}). The expression levels of myogenin and miR-133 in cells treated with PD98059 were significantly higher than that of the control (*P*\<0.01; [Figure 6c](#fig6){ref-type="fig"}). These results showed that inhibition of the ERK1/2 pathway in myoblast cells could result in a cell cycle arrest and induce differentiation simultaneously, whereas the expression of miR-133 was upregulated concomitantly.

C2C12 cells were switched to the differentiation medium with either PD98059 or DMSO when cells were cultured to be approximately 70% confluent. The expression levels of myogenin ([Figure 7a](#fig7){ref-type="fig"}), MyHC-2d ([Figure 7b](#fig7){ref-type="fig"}) and miR-133 ([Figure 7c](#fig7){ref-type="fig"}) in cells treated with PD98059 were all significantly higher than those of the control (*P*\<0.05) 20 or 36 h after treatment. However, 72 or 96 h after treatment, we found cells treated with PD98059 formed shorter and smaller myotubes than the control cells, shown by immunostaining of MyHC ([Figure 7d](#fig7){ref-type="fig"}). These results indicate that inhibition of the ERK1/2 pathway accelerated cell differentiation, which might result in the formation of shorter and smaller myotubes.

Taken together, these results suggested that the expression of miR-133 was negatively regulated by ERK1/2 pathway, whereas ERK1/2 pathway was necessary for the early myogenic process such that enough myoblasts could be accumulated for subsequent cell fusion to form normal myotubes.

In summary, our results indicated a feedback loop between miR-133 and the ERK1/2 pathway involving an exquisite mechanism for regulating myogenesis ([Figure 8](#fig8){ref-type="fig"}). Activation of the ERK1/2 pathway maintains cell proliferation to accumulate enough myoblasts, whereas the expression of miR-133 is inhibited by activated ERK1/2. After initiation of differentiation, the expression of miR-133 is upregulated. Next, miR-133 represses myoblast proliferation and promotes cell differentiation by repressing the activity of the ERK1/2 pathway through targeting FGFR1 and PP2AC.

Discussion
==========

In this study, we confirmed that both miR-133a and miR-133b have important roles in repressing myoblast proliferation and promoting cell differentiation during myogenesis in C2C12 cells, an *in vitro* model for skeletal muscle development.^[@bib21]^ These roles are also in concordance with the expression pattern of miR-133 during C2C12 cell differentiation. In our previous study, we analyzed miRNA expression profiles in porcine fetal and adult longissimus muscle. We found that miR-133 had a high expression level in both fetal and adult longissimus muscle,^[@bib22]^ suggesting that miR-133 might participate in more regulatory processes during skeletal muscle development.

We identified two new targets of miR-133 in myoblast cells, namely, FGFR1 and PP2AC. The differences in expression between mRNA and protein during C2C12 cell differentiation suggested that their expression might be regulated at the post-transcriptional level. Results from the luciferase reporter analysis and western blotting demonstrated that miR-133 directly targets FGFR1 and PP2AC by interaction with their 3′-UTRs. FGFR1 is one of the two FGFRs expressed in muscle cells.^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^ Overexpression of FGFR1 in mouse myocytes promoted cell proliferation and delayed differentiation; conversely, the expression of mutated FGFR1 enhanced cell differentiation.^[@bib27]^ The role of PP2AC in myoblast processes has yet to be investigated. In this study, we found knockdown of FGFR1 and PP2AC by specific siRNAs promoted C2C12 differentiation, which suggested that they may repress myoblast differentiation. Thus, it is possible that miR-133 influences myogenesis by repressing the expression of FGFR1 and PP2AC. When we prepared this manuscript, Belevych *et al.*^[@bib28]^ reported that miR-133a could target and repress the expression of PP2AC in myocardial cell, which gave us more confidence of the role we presented here.

We observed a down-egulation of ERK1/2 phosphorylation along with a downregulation of protein levels for FGFR1 and PP2AC by miR-133 during C2C12 cell differentiation. FGF signal transduction and activation of ERK1/2 by FGFR1 was found to be notably important for proliferation of skeletal muscle cells. In fibroblasts, FGFs bind to FGFRs and activate the intracellular ERK1/2 cascade to maintain cell proliferation.^[@bib16]^ In skeletal muscle cells, basic FGF could stimulate cell proliferation and repress myotube formation by activating ERK1/2.^[@bib29],\ [@bib30],\ [@bib31],\ [@bib32],\ [@bib33]^ The expression of truncated FGFR1 (a mutant FGFR1 lacking the intracellular domain) in mouse muscle cells decreased cell responsiveness to exogenously supplied FGF-1 and repressed cell proliferation.^[@bib29]^ Thus, we concluded that miR-133 functioned in myoblasts by repressing the activity of the ERK1/2 pathway through targeting FGFR1.

PP2AC is the catalytic subunit of PP2A holoenzyme that comprises a family of serine/threonine phosphatases and has a role in the dephosphorylation of protein.^[@bib17]^ It is currently unknown how ERK1/2 activity is regulated by PP2A in muscle cells. Results of *in vitro* studies in other cell lines showed that PP2A could positively regulate the activity of the ERK1/2 pathway by activating Raf1, which is upstream of MEK1/2 in the ERK1/2 cascade. In COS cells, the A and C subunits of the PP2A holoenzyme were found to combine with Raf1 by immunoprecipitation.^[@bib34]^ Raf1 was activated by dephosphorylation at serine 259 by PP2A.^[@bib34],\ [@bib35],\ [@bib36],\ [@bib37]^ A recent study in 293T cells found that PP2A positively regulated Raf1-MEK1/2-ERK1/2 signaling.^[@bib38]^ We proposed that PP2A could also positively regulate the ERK1/2 signaling pathway in myoblasts such that ERK1/2 phosphorylation was downregulated, whereas the expression of PP2AC protein was repressed by miR-133b during C2C12 cell differentiation ([Figure 4d](#fig4){ref-type="fig"}).

Following functional studies and identification of target genes of miR-133, we analyzed whether miR-133 expression was regulated by the ERK1/2 pathway in myoblasts. The results showed that the expression of miR-133 was significantly upregulated by inactivation of the ERK1/2 signal during myoblast proliferation or differentiation. Simultaneously, we observed the effect on myoblast proliferation and differentiation after inhibition of ERK1/2 activity. We found that blocking the ERK1/2 pathway in C2C12 cells resulted in a cell cycle arrest and induction of cell differentiation and finally induced the formation of shorter, smaller myotubes. These results were concordant with results of a study interrupting FGF signaling in chicken embryos. In that study, chicken embryos ectopically expressed a truncated FGFR1-formed skeletal muscles with a lower myofiber density and weight. The primary muscle cells expressed a truncated FGFR1-formed myotubes with fewer myonuclei than the controls.^[@bib39]^ Another study on ERK1/2 also found that knockdown of ERK2 significantly repressed the formation of multinucleated myotubes.^[@bib40]^ Results of a study on analyzing skeletal muscle cell differentiation *in vitro* showed that fusion of muscle cells occurred 24 h after being cultured in the differentiation medium, and muscle cells mainly completed proliferation before the initiation of differentiation. Cells would continue to proliferate if they did not fuse into myotubes.^[@bib41]^ Thus, activation of the ERK1/2 pathway is necessary in early myogenesis for proliferation of a sufficient number of myoblasts to form myotubes.

In conclusion, we confirmed the role of miR-133 in myoblasts and further revealed a new feedback loop between miR-133 and the ERK1/2 signaling pathway involving an exquisite mechanism for regulating myogenesis.

Materials and Methods
=====================

Cell culture
------------

The C2C12 myoblast cell line was used to analyze the function of miR-133b during myogenesis. BHK-21 was used for luciferase reporter analysis. Cells stored in liquid nitrogen were thawed at 37 °C and cultured in the growth medium (DMEM; Hyclone, Logan, UT, USA) supplemented with fetal bovine serum (10%) at 37 °C in a humidified 5% CO~2~ atmosphere. To induce differentiation, C2C12 cells were switched to the differentiation medium (DMEM, 2% horse serum). The MEK1 inhibitor PD98059 (Beyotime, Haimen, China) was used to inhibit the activity of the ERK1/2 pathway in C2C12 cells. Approximately 24 h after aliquoting cells into six-well plates, either PD98059 (25 nM) or DMSO (control, 0.2%) was added to the cell medium.

RNA oligonucleotides and transfection
-------------------------------------

All RNA oligonucleotides used in this study (miRNA mimics, miRNA inhibitor, siRNAs and control oligonucleotides) were synthesized from GenePharma (Shanghai, China). The oligonucleotides\' sequences are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Cells were aliquoted into plates 24 h before transfection. Corresponding RNA oligonucleotides (50 nM for miRNA mimics or miRNA inhibitor, 100 nM for siRNAs) were transfected into cells with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. For cell proliferation analysis, transfection was conducted when the cells were approximately 40% confluent. For cell differentiation analysis after overexpression miR-133, transfection was conducted when the cells were approximately 40% confluent. For cell differentiation analysis after inhibition of miR-133 expression, transfection was conducted when the cells were approximately 70% confluent.

Expression detection of miR-133a and miR-133b by Solexa sequencing
------------------------------------------------------------------

To distinguish the expression levels of miR-133a and miR-133b during myoblast differentiation, the Solexa sequencing method was performed. Generally, the total RNA was isolated from C2C12 cells cultured in the growth medium and the C2C12 cells cultured in the differentiation medium for 1 day, 2 days and 4 days, respectively. The Solexa sequencing was carried out at Beijing Genomics institute (BGI, Beijing, China) and the miRNA annotation was performed according to our previous study.^[@bib42]^ The expression levels of miR-133a and miR-133b were represented using their relative read numbers of one million reads.

cDNA synthesis, RT-PCR and qPCR
-------------------------------

Total cell RNA was extracted with Trizol (Invitrogen) using the manufacturer\'s instructions. RNA quality was assessed by 0.8% agarose gel electrophoresis. Reverse transcription was performed with a ReverTra Ace kit (Toyobo, Tokyo, Japan) according to the manufacturer\'s manual. A specific stem-loop primer was used as the reverse transcription primer to synthesize cDNA for miR-133 amplification (RT-miR-133: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTAGCTGGT-3′). The stem-loop primer was designed as described previously.^[@bib43]^ PCR conditions for RT-PCR for miR-133 and other gene expression analysis were 94 °C for 40 s, 62 °C for 30 s and 72 °C for 15 s for 28 cycles. Differential expression of miR-133 and other genes were confirmed by quantitative analysis.^[@bib44]^ SYBR Green Realtime PCR Master Mix (Toyobo) was used for qPCR. Internal controls for expression analysis were U6 for miR-133 and GAPDH for other genes. Primers used for miRNA and gene expression analysis are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. All real-time quantitative PCR experiments used a LightCycler 480 (Roche, Basel, Switzerland) with 2 min at 95 °C, followed by 40 cycles of amplification (20 s at 95 °C, 20 s at 62 °C and 15 s at 72 °C).

Cell cycle analysis
-------------------

When treated cells in six-well plates were 70--80% confluent, cells were collected by trypsinizing and centrifuging at 1000 r.p.m. for 3 min. Cells were resuspended in 1 ml PBS and collected by centrifugation at 1000 r.p.m. for 3 min, with this step being repeated one or two times. After two to three PBS washes, cells were fixed with 1 ml cold 75% ethanol (in PBS) and stored at −20 °C for at least 8--10 h. Fixed cells were centrifuged as described above, and the supernatant was discarded. Cells were washed with PBS one to times times as above. After removing the PBS, cells were resuspended in 500 *μ*l staining buffer (50 *μ*g/ml propidium iodide, 100 *μ*g/ml RNase A and 0.2% Triton X-100 in PBS) and incubated at 4 °C for 30 min (with protection from light). The cell cycle status was analyzed by flow cytometry (BD, Franklin Lakes, NJ, USA).

Luciferase reporter assay
-------------------------

To construct luciferase reporters, fragments containing miRNA binding sites for the 3′-UTR of target genes were cloned into the 3′-UTR of *Renilla* luciferase in psiCHECK-2 vector (Promega, Madison, WI, USA) using the *Xho*I and *Not*I restriction sites. Corresponding recognition sequences for *Xho*I and *Not*I were added to the 5′ terminus of either the forward or reverse primer used for amplifying 3′-UTR fragments of target genes, respectively. To produce mutated plasmids, site-directed mutation was used to introduce base substitution to the miR-133 binding site of luciferase reporters using Site-Directed Gene Mutagenesis Kit (Beyotime). [Supplementary Table S2](#sup1){ref-type="supplementary-material"} lists detailed information of these primers.

BHK-21 cells were aliquoted into 24-well plates 24 h before transfection. Constructs (0.2 *μ*g) and miRNA mimics (0.4 *μ*g) were co-transfected into cells with Lipofectamine 2000 (1.5 *μ*l) (Invitrogen). Luciferase activity in treated cells was measured approximately 24--30 h after transfection with the Dual-Luciferase Reporter Assay System (Promega) using the manufacturer\'s instructions, whereas luminescence was quantified by luminometer (VICTOR X2; Perkin-Elmer, Waltham, MA, USA). In each sample, the signal value of *Renilla* luciferase must be normalized to its signal value of firefly luciferase. The interaction of miRNAs and target sites was analyzed by comparing normalized luciferase activity between cells transfected with miRNA mimics and Duplex NC.

Western blotting
----------------

Antibodies used were FGFR1 (Flg (C-15): sc-121; Santa Cruz Biotechnology), PP2AC (2038; Cell Signaling), ERK1/2 (p44/p42 MAPK, 9102; Cell Signaling), p-ERK1/2 (phospho-p44/p42 MAPK, 9101; Cell Signaling), tubulin (AT819; Beyotime), HRP-linked anti-rabbit IgG (7074; Cell Signaling) and HRP-linked anti-mouse IgG (A0216; Beyotime).

Total protein from cells cultured in 6-cm-diameter dishes was extracted with 300 *μ*l RIPA lysis buffer (P0013B; Beyotime) supplemented with 1% protease inhibitor and 1% phosphatase inhibitor. Protein concentration was measured with BCA Protein Assay Kit (P0012S; Beyotime). Also, 5% stocking gel and 10% running gel were used for SDS-PAGE. Expression analysis of tubulin, PP2AC and ERK1/2 was performed with 25 *μ*g protein, whereas 50 *μ*g of protein was used for the expression analysis of FGFR1 and p-ERK1/2. Proteins were transferred to PVDF membranes (Millipore, Billerica, MA, USA; 0.45 *μ*m for FGFR1 and 0.22 *μ*m for others). Membranes were blocked for 2 h at room temperature in blocking buffer (1 × TBS with 5% non-fat dry milk and 0.1% Tween-20). Next, the membrane was incubated at 4 °C overnight with primary antibody at a 1 : 1000 dilution (FGFR1 and p-ERK1/2) or 1 : 2000 dilution (tubulin, ERK1/2 and PP2AC). Membranes were washed three to four times (10 min for each time) with washing buffer (1 × TBS with 0.1% Tween-20) and were incubated at room temperature for 1--2 h with HRP-conjugated secondary antibody at 1 : 3000 dilution (HRP-linked anti-rabbit IgG) or at 1 : 2000 dilution (HRP-linked anti-mouse IgG). Membranes were washed three to four times again (10 min for each time) with washing buffer (1 × TBS with 0.1% Tween-20), incubated with ECL reagent (Thermo Scientific, Waltham, MA, USA) and exposed to X-films (Kodak, Rochester, NY, USA). Lastly, the results of immunoblotting were displayed on X-films by developing and fixing.

Immunostaining
--------------

Cells treated in 24-well plates were fixed with 4% formaldehyde for 10 min, washed three times in PBS (5 min for each time). Then, cells were incubated with 0.3% Triton X-100 in PBS for 20 min, washed two times in PBS (5 min for each time). After that, cells were incubated with 1% BSA in PBS for 1 h. Next, cells were incubated with primary antibodies (anti-myosin, M4276; Sigma, St. Louis, MO, USA) for 2 h and washed two times in PBS (5 min for each time), and then incubated with secondary antibodies (Alexa Fluor 488; a10680; Invitrogen) for 1 h and washed two times in PBS (5 min for each time). 4′, 6-Diamidino-2-phenylindole dihydrochloride (DAPI) was then added for 2 min. After several washes with PBS, 10 *μ*l of the antifading solution was added to each well. Finally, images of samples were captured on a fluorescence microscope. At least three representative images per sample were scored for myotube area (area occupied by myotubes relative to the total area) by Image Pro Plus software (Media Cybernetics, Rockville, MD, USA).

Statistical analysis
--------------------

The significance of the difference between case and control data was analyzed by Student\'s *t*-test. *P*\<0.05 was considered to be significant.
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![Overexpression of miR-133 repressed myoblast proliferation and promoted cell differentiation. (**a** and **b**) Expression of miR-133 in C2C12 cells after transfection with miR-133a mimics, miR-133b mimics or miR-133b inhibitor. MiR-133a mimics, miR-133b mimics, Duplex NC or miR-133b inhibitor were transfected into C2C12 cells, respectively. After transfection, cells were switched into the growth medium (GM) for 24 h. Then, total RNA of transfected cells was isolated, and the expression of miR-133 was analyzed by qPCR. (**c**) Overexpression of miR-133a/b repressed myoblast proliferation. C2C12 cells transfected with miR-133a mimics, miR-133b mimics or Duplex NC were collected for cell cycle analysis approximately 30 h after transfection. Cells were stained by propidium iodide and subjected to fluorescence-activated cell sorting analysis by flow cytometry. (**d**) Overexpression of miR-133a/b promoted C2C12 cell differentiation. Duplex NC, miR-133a mimics or miR-133b mimics were transfected into C2C12 cells, respectively. After transfection, cells were switched into the GM for 24 h. Then, cells were transferred to the differentiation medium (DM) for another 4 days before immunostaining for MyHC (green). Nuclei were stained with DAPI. (**e**) Area of myotubes stained in (**d**). Myotube area was calculated by Image Pro Plus software. Error bars represent S.D. from three independent experiments (\**P*\<0.05; \*\**P*\<0.01)](cddis2013462f1){#fig1}

![Knockdown of miR-133 repressed myoblast differentiation and promoted cell proliferation. (**a**) In myoblasts and myotubes, miR-133b inhibitor significantly repressed endogenous expression of miR-133. Inhibitor NC and miR-133b inhibitor were transfected into C2C12 cells cultured in six-well plates. Total RNA of transfected cells was isolated from cells cultured in the growth medium (GM) for 24 h or differentiation medium (DM) for 36 h after transfection. Expression of miR-133 was analyzed by qPCR. (**b**) Expression of myogenin and MyHC-2d was significantly downregulated by miR-133b inhibitor. Total RNA of C2C12 cells transfected with miR-133b inhibitor or inhibitor NC and cultured in the DM for 36 h after transfection was isolated, and the expression of myogenin and MyHC-2d was analyzed by qPCR. (**c**) Inhibition of miR-133 expression promoted myoblasts\' proliferation. C2C12 cells transfected with miR-133b inhibitor or inhibitor NC were collected for cell cycle analysis approximately 30 h after transfection. Cells were stained by propidium iodide and subjected to fluorescence-activated cell sorting analysis by flow cytometry. (**d**) Inhibition of miR-133 expression repressed myoblasts differentiation. Inhibitor NC or miR-133b inhibitor was transfected into C2C12 cells cultured in 24-well plates, respectively. After transfection, cells were switched into the GM for 24 h. Then, cells were transferred to the DM for another 4 days before immunostaining for MyHC (green). Nuclei were stained with DAPI. (**e**) Area of myotubes stained in (**d**). Myotube area was calculated by Image Pro Plus software. Error bars represent S.D. from three independent experiments (\**P*\<0.05)](cddis2013462f2){#fig2}

![Expression of miR-133, FGFR1, PP2AC and p-ERK1/2 during myoblast differentiation. (**a**) Morphologies of C2C12 cells cultured in the growth medium (0d), or differentiation medium for 1 day (1d), 2 days (2d) or 4 days (4d). (**b**) Expression of miR-133a and miR-133b during C2C12 differentiation. Total RNA of C2C12 cells collected at the four time points (0d, 1d, 2d and 4d) was isolated, and the expression of miR-133a and miR-133b was analyzed by Solexa sequencing. (**c**) Expression levels of FGFR1 and PP2AC mRNA during C2C12 differentiation did not significantly change, whereas the expression of miR-133 was significantly upregulated. Expression of miR-133 and other genes during C2C12 differentiation (using RNA samples from (**b**)) were analyzed by qPCR. (**d**) Protein of FGFR1 and PP2AC was downregulated during C2C12 differentiation, whereasile p-ERK1/2 was also downregulated. Total protein from C2C12 cells collected at the four time points (0d, 1d, 2d and 4d) was isolated, and protein expression of FGFR1, PP2AC and p-ERK1/2 was analyzed by western blotting, detecting tubulin and total ERK1/2 as controls. Error bars represent S.D. from three independent experiments (\*\**P*\<0.01)](cddis2013462f3){#fig3}

![MiR-133 targeted FGFR1 and PP2AC and downregulated p-ERK1/2 during myoblast differentiation. (**a**) Schematic diagram of five luciferase reporter constructs (psi-FGFR1, psi-F260, psi-F490, psi-Ppp2ca and psi-Ppp2cb) and four mutated reporter constructs (psi-FGFR1 Mut1, psi-FGFR1 Mut2, psi-Ppp2ca Mut and psi-Ppp2cb Mut). (**b**) MiR-133a/b, but not Duplex NC or miR-214, significantly inhibited the activities of the five luciferase reporters (as in (**a**)). Plasmids of the five reporters (as in (**a**)) were co-transfected into BHK-21 cells with miR-133a mimics, miR-133b mimics, miR-214 mimics or Duplex NC. Luciferase activity in treated cells was measured about 30 h after transfection. (**c**) MiR-133a/b did not inhibit the activities of the four mutated reporters (as in (**a**)). The experiments were performed as described in (**b**). (**d**) MiR-133a/b repressed the expression of FGFR1 and PP2AC, and also repressed the phosphorylation of ERK1/2 during myoblast differentiation. In addition, miR-133a mimics, miR-133b mimics and Duplex NC were transfected into C2C12 cells. Next, cells were switched into the differentiation medium approximately 6 h after transfection. The total protein from transfected cells was isolated about 24 h after culturing in the differentiation medium. Expression of the indicated proteins was analyzed by western blotting. Error bars represent S.D. from three independent experiments (\*\**P*\<0.01)](cddis2013462f4){#fig4}

![Knockdown of FGFR1 and PP2AC by siRNA promoted C2C12 differentiation. (**a**) Three of four siRNAs significantly reduce mRNA expression of FGFR1 in C2C12 cells. The four siRNAs were transfected into C2C12 cells, respectively. One day after transfection, cells were collected and the expression of FGFR1 was analyzed by qPCR. (**b**) Three of four siRNAs significantly reduce mRNA expression of PP2AC in C2C12 cells. Experiments were conducted as described in (**a**). (**c** and **d**) Expression of FGFR1 and PP2AC were significantly reduced by si-F2 or si-P3, respectively. siRNA (si-F2 or si-P3) was transfected into C2C12 cells, and cells were collected 24 h after transfection. Expression of FGFR1 and PP2AC proteins was analyzed by western blotting. (**e**) Expression of MyHC, myogenin and MCK in cells transfected with si-F2, si-P3 or NC. Error bars represent S.D. from three independent experiments (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001)](cddis2013462f5){#fig5}

![Inhibition of the ERK1/2 pathway in C2C12 cells cultured in the growth medium significantly repressed cell proliferation and promoted the initiation of cell differentiation. (**a**) Cells treated with PD98059 were thinner and longer than control cells, showing morphologies of myoblasts initiating differentiation. C2C12 cells cultured in the growth medium (about 30% confluent) were treated with PD98059 (25 nM) or dimethyl sulfoxide (DMSO) (0.2%, control) for approximately 24 h. Morphologies of cells were observed by microscopy 24 h after treatment. (**b**) PD98059 inhibited myoblast proliferation. C2C12 cells treated as in (**a**) were subjected to cell cycle analysis by flow cytometry. (**c**) Expression of myogenin and miR-133 was upregulated in cells treated with PD98059. Total RNA from C2C12 cells was treated (as in (**a**)) and isolated, and the expression of myogenin and miR-133 was analyzed by qPCR. Error bars represent S.D. from three independent experiments (\*\**P*\<0.01)](cddis2013462f6){#fig6}

![Inhibition of the ERK1/2 pathway in C2C12 cells accelerated cell differentiation during the early period of differentiation, which resulted in forming shorter and smaller myotubes. C2C12 cells cultured in the differentiation medium were treated with PD98059 (25 nM) or dimethyl sulfoxide (DMSO) (0.2%, control). Total RNA of cells treated for 20 or 36 h was isolated, respectively. Expression of myogenin (**a**), MyHC-2d (**b**) and miR-133 (**c**) was analyzed by qPCR. Then, differentiation of cells treated with PD98059 (25 nM) or DMSO (0.2%, control) for 72 or 96 h were monitored by immunostaining for MyHC (green). Nuclei were stained with DAPI (**d**). Error bars represent S.D. from three independent experiments (\**P*\<0.05; \*\**P*\<0.01)](cddis2013462f7){#fig7}

![A proposed model of miR-133-mediated regulation of myogenesis. MiR-133 represses myoblast proliferation and promotes cell differentiation by repressing activation of ERK1/2 through targeting FGFR1 and PP2AC, whereas the activated ERK1/2 pathway inhibits the expression of miR-133](cddis2013462f8){#fig8}
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